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Abstract
Songs of Aggression: The Singing Mouse Model
Andreas Sherron George, M.A.
The University of Texas at Austin, 2015
Supervisor:  Steven M. Phelps
Social behavior is a vital part across vast taxa, from honey bees to elephants. This 
behavior is known to be modulated by nonapeptides acting on various nodes of the social 
behavior network (Newmann, 1999). Vasopressin and its evolutionary precursor vasotocin are 
both highly involved in the social brain. (De Vries and Panzica 2006; Goodson, 2005) 
Furthermore, it has been demonstrated that these systems are under the control of gonadal 
hormones (Bester-Meredith and Marler 2005). Here, we study the effects of hormones and 
experience on the social behaviors, specifically aggression, in the singing mouse Scotinomys 
teguina. These mice are known for their male stereotyped song used in territorial aggression as 
well as mate attraction. We gonadectomized the animals and coupled this with androgens at 
varying levels, or empty implants, to determine how gonadal hormones affect aggression and 
song. We discovered a significant increase in frequency of submission in animals following no 
hormone treatment, and a positive correlation with androgen level and physical aggression, as 
well as increase in propensity to sing. In a separate study, we also studied the singing response 
to social stimuli. We introduce the subjects to conspecific song, female bedding, and pink noise. 
We then recorded their responses following winning or losing encounters. We found animals 
increased their singing behavior in response to all stimuli following wins. Winning is known to 
increase aggression by allowing a transient increase in gonadal hormones. This study further 
bolsters the winner’s effect. Taken together, these experiments demonstrate in dynamic social 
behavior in a novel species that is modulated by hormonal states as well as social encounters.  
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8Chapter 1:  Neural Distribution of Vasopressin
INTRODUCTION
Social behavior is a critical component of animal behavior. Many of the interactions that 
define social behavior occur in reproductive contexts, including mate attraction, resource 
defense and parental care. We explore the use of Alston’s singing mouse, Scotinomys teguina, 
as model for investigating the mechanisms male song – a social behavior that contributes to both 
mate attraction and male-male competition (Fernandez-Vargas et al. 2011; Pasch et al. 2013).  
In this chapter we specifically examine whether testosterone, which we have demonstrated can 
modulate male singing behavior, also modulates the expression of the neuropeptide vasopressin, 
a hormone important for a diversity of social behaviors in many taxa (Donaldson et al., 2008). 
Given that much of social behavior are related to reproduction, it should come as no 
surprise that reproductive hormones often play a major role in regulating social behavior. 
Phoenix et al. (1959) explored the effects of hormones on an animal’s development as well as 
its behavior.  They coined the terms “organization” and “activation” as it relates to hormonal 
control. Organizational responses of a hormone refer to the permanent changes that occur when 
hormones are introduced early in development. Phoenix et al (1959) hypothesized these 
organizational changes allow an animal to respond in a sexually dimorphic fashion to hormones 
following maturation. The changes during development allow behaviors to be “activated” at the 
appropriate times. Activational responses are those transient changes observed in a mature 
individual when a hormone is introduced. The researchers found that testosterone propionate, 
9when administered to a neonate guinea pig, resulted in physiologically masculinized 
female. The females engaged in male specific behavior such as sexual mounting when 
testosterone was introduced later in life (Phoenix et al. 1959)
The authors suggest the central nervous system is masculinized following exposure to T 
during early development. This leads to sexual differentiation in the brain that can be seen in a 
wide variety of taxa (Arnold, 2009). Sexual dimorphism in the CNS became a major focus late 
1970’s and 80’s (Raisman and Field, 1973; Nottebohm and Arnold, 1976; Bardin and 
Catterall, 1981; Nishizuka and Arai, 1981; Tobet et al., 1986), and a diversity of studies 
demonstrated the power of organizational effects as well as the wide spread differentiation in the 
brain. Many of the brain regions exhibiting sexual dimorphism proved to be critical for a range 
of social behaviors (Newman 1999).
In 1999, Newmann proposed the social behavior network. In this work, the author 
synthesizes a large body of work on diverse brain regions, illustrating that for many distinct 
social behaviors, there are functional data linking them to social behavior.  The author focused 
on 6 brain regions that are extensively interconnected and were previously linked to social 
behavior: Lateral Septum (LS), Medial Amygdala (MeA), Ventromedial Hypothalamus 
(VMH), Anterior Hypothalamus (AH), Medial Preoptic Area (MPOA), and the Bed Nucleus 
of the Stria Terminalis (BNST). Interestingly, each of these regions also contains receptors for 
sex steroids (Fine et al, 1990) as well as receptors for various neurotransmitters. There is a high 
level of conservation in these regions across vertebrate taxa including amphibians (Sakata, 
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2003; Rhen and Crews, 1999), birds (Ball and Baltahazart, 2004), teleost fishes 
(Goodson, 2005), and summarized most recently in O’Connell and Hofmann (2012). 
Goodson’s work explored the homologous network in teleosts and birds as well as the 
homologous AVT distributions.  Although these regions are generally conserved, there is 
substantial interspecies variation in how areas of the social behavior network affect decision 
making strategies. Newman (1999) suggests that the connections between the BNST and the 
Medial Amygdala are important in many aspects of rodent social behavior, sexual function, 
olfactory investigation, resource holding and aggression. Newman (1999) also developed a 
strong and convenient framework by which we can study the interaction of hormones, brain 
areas and social behavior. This framework has been used to study the neural-endocrine control 
of aggression in anurans (Boyd and Moore, 1992), teleosts (Goodson and Bass, 2000; Lan and 
Hsu, 2011), reptiles (Ramsey and Crews, 2007), birds (Apfelbeck et al., 2011) and mammals 
(Oyegbile and Marler 2005). 
Studies in small rodents in the Peromyscus family demonstrates the manipulative power 
of gonadal hormones on neuroanatomy, the transient nature of these changes, as well as species 
differences in the social behavior network. Marler conducted a series of comparative studies 
between Peromyscus californicus and Peromyscus leucopus to better understand the 
neuroendocrine regulation of their social behaviors (Fuxjager et al. 2009; Bester-Meredith and 
Marler, 2007; Oyegbile and Marler 2006; Oyegbile and Marler, 2005). . Marler and 
colleagues found that the more aggressive species were more sensitive to changes in gonadal 
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androgens (Bester-Meredith and Marler 2005). The BNST and MeA were highly 
involved in the production of aggression. Increased vasopressin expression in these areas is 
highly correlated with aggressive behavior in these and many other rodent species (Wang et al., 
1993; Cervantes and Delville 2007). 
Vasopressin is released differently both within (Bamshad et al., 1993) and across 
species (De Vries and Panzica, 2006) and is under gonadal control in many species (Goodson 
and Bass; 2000; Boyd, 1992). All nonapeptides have a common evolutionary ancestor which 
split with the rise of teleost to vasotocin (AVT) and isotocin (IT). In mammals, these have 
evolved to vasopressin (AVP) from AVT and oxytocin (OXT) from IT. AVP and OXT have 
been implicated in a wide variety of social behaviors in multiple nodes of Newman’s social 
behavior network (Winslow et al., 1993; Ferguson et al., 2001; Landgraf and Neumann, 2004; 
Donaldson et al., 2008). While nonapeptides are present across a wide range of animals, their 
actions are highly diverse across taxa. AVT has been implicated in aggression and vocalizations 
of fish (Santangelo and Bass 2006) as well as birds (Manley et al. 1997) AVP modulates social 
communication as well as aggression in a wide variety of vertebrate taxa including humans 
(Scattoni et al., 2008; Thompson et al. 2006). 
Considering the high level of conservation present in the social behavior network and 
with nonapeptides, it is no surprise AVP, and its homologs, are highly involved in control of 
social communication and aggression in small rodents as well.  These patterns have been 
demonstrated in Syrian hamsters (Mesocricetus auratus; Delville et al., 2000) and the white 
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footed mouse (Peromyscus leucopus; Oyegbile and Marler, 2005). The vocalizing 
behavior of singing mice is profoundly influenced by androgens (Pasch et al. 2011a). Here, we 
examine the effects of androgens on neural AVP expression.
In the 1970’s Emmet T. Hooper led a team to study a small, diurnal rodent native to the 
cloud forests of Central America (Hill and Hooper, 1971; Hooper, 1975; Carleton et al., 
1975). Scotinomys teguina gets its common name; Alston’s singing mouse, from the high 
frequency, audible songs they produce. These mice are closely related to the mice of the 
Baiomys genus that produce much shorter and simpler ultrasonic vocalizations (Miller et al. 
2007). Scotinomys is also more distantly related to the Peromyscus genus. We hypothesized 
that androgen modulation of forebrain vasopressin, so important in social behaviors of other 
rodents (Bester-Meredith and Marler, 2000; Ferris and Delville, 1994), might also contribute to 
male song.  The song seems to play a role in resource defense, especially present in separating 
the smaller S. teguina species from the larger S. xerampelinus species when the two live in 
sympatry. Furthermore, females show preferences for males with songs that are characteristic of 
males in good condition (Pasch, 2011b). The neuroendocrine control of singing in Scotinomys 
teguina is not understood. Because we previously demonstrated that androgens influence song 
rates, we here examined whether androgens also influence the neural distribution of vasopressin. 
The description of vasopressin staining regions of the Scotinomys brain also serves as a useful 
neuroanatomical characterization of this interesting species.
METHODS
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Subjects
Subjects for this experiment were lab reared offspring of animals originally caught in 
Costa Rica and brought back to the lab. Animals are sib housed with 1 or 2 litter mates. 
Animals are given food, cat chow, and water ad libitum. They are housed in 12:12 dark: light 
cycle at 15.5-19o C. Weekly enrichment included meal worms and misted moss to simulate the 
natural cloud forest environment.  All phases of the experiment were performed during light 
hours under white light. Experiment animals were all sexually experienced. Animals were moved 
to individual chambers one month prior to beginning the experiment and were randomly 
assigned to 1 of 4 treatment groups. The following protocol is approved by Institutional Animal 
Care and Use Committee at the University of Florida (UF #200801939).
Surgery
Subjects were anesthetized using isoflurane (SurgiVet Isotec  T
14
3 Classic Isoflurane Vaporizer) and castrated using an incision through the scrotum. 
Each animal received one implant. Implants were 10mm silastic tubing filled with, 1mm of 
testosterone (approximately 15mg), 2mm testosterone (30mg), 1mm dihydrotestosterone  or 
simply filled completely with saline solution. Silastic tubing was sourced from Dow Corning 
Corporation (1.47mm id x 1.96 od).Both testosterone (T) and dihydrotestosterone (DHT) 
were sourced Sigma, T1500 and A8380 respectively. Previous pilot studies revealed the 
appropriate amount of T that would replicate physiological levels.  DHT was included in the 
study to explore the possibility of a role for aromatization of T in the possible behavioral 
differences observed.  Implants were sealed with silicone adhesive and sterilized in ethylene 
oxide. All surgical tools were sterilized with glass beads (Germinator 500). Animals were 
closely monitored for 72 hours postsurgery to ensure a full recovery. 
Behavioral Trials
Fourteen days pre-surgery, animal songs were recorded. One day following recording, 
subject male were moved from isolation, allowed to acclimate for 30 minutes and then exposed 
to a novel intruder in a resident intruder trial. The subject animals were the residents in all trials. 
Animals were allowed to interact for 10 minutes or until the winner was decided, which ever 
was shorter. Songs were also recorded 15 days post treatment and resident-intruder trials were 
performed with a novel intruder the day after the recordings. Details and data of these 
procedures discussed in Pasch et al. (2011a). 
Tissue collection
Animals were euthanized 16 days post surgery in CO
15
2 chambers. Trunk blood was collected for T immunoassays (Pasch et al. 2011a). 
Brains were also extracted and fixed in 4% paraformaldehyde then cryoprotected in 40% 
sucrose in paraformaldehyde. Brains from the subject animals were sectioned at 30µm in a 
cryostat. Sections were placed in 24 well plates containing PBS. Each brain was divided into 3 
groups of serial sections. The first of the three was used in the current study. The remaining 
brain sections were stored long term in antifreeze at -80 Celsius. 
Immunohistochemistry
The previously collected and separated (every 3rd) sections were washed in PBS for 10 
minutes on a shaker plate. Sections were then pretreated in 0.3% hydrogen peroxide for 10 
minutes and then rinsed with PBS. The sections were then incubated in 10% normal goat serum 
for 60 minutes to block nonspecific binding of the antibody. 0.3% Triton X was included here to 
maximize coverage of both antibodies. The sections were washed in PBS.  Finally the sections 
were added to the primary antibody, Rabbit ant-[Arg8]-Vasopressin Cat no. T-4563, Peninsula 
Laboratory LLC, and incubated overnight in 4oC. The antibody was at a concentration of 
1/10000.
The following day, the sections were rinsed in PBS for 15 minutes on a shaker plate. 
Sections were incubated in the secondary antibody at a 1/1000 dilution (Goat F (ab’)
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2 Anti-rabbit Immunoglobin G Leinca Technologies Inc) in 4% NGS for 60 minutes. 
Sections were then rinsed in PBS for 10 minutes. Sections were then incubated another 60 
minutes in a 0.5% Avidin-biotin complex. The staining was then visualized with a DAB kit (Vector 
SK 4100) with nickel enhancer. The reaction was stopped after 90 second by placing sections in 
PBS. The sections were mounted on glass slides, dried, and then dehydrated in 50%, 75%, 95%, 
and 100% Alcohol before a final dehydration in Citrasolv and then coverslipped using Permount.  
Pilot studies and controls lacking primary antibody ran in unison, ensured proper binding of the 
antibodies to the proteins. 
Images
Following IHC procedures, brains were examined under an inverted microscope. 
Sections were exhaustively photographed for analysis.  Stained cell bodies were counted on a 
10x zoomed image. Sections were recounted at random to ensure consistent scoring. The 
Mouse Brain (Franklin and Paxinos, 2007) was used as a reference for consistent naming of 
neuroanatomical areas.
Statistical Analysis
  Scores were compiled into a spreadsheet and imported into Statistics Package for the 
Social Sciences (SPSS) for analysis. We compared only 3 groups, T 1mm, DHT and Empty, 
since the T 2mm group was shown to increase circulating androgens far above physiological 
level. These 3 groups were compared at several locations in the brain, the AH, BNST, MeA, 
PVN, SON and SCN through Kruskal Wallis tests.
RESULTS
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AVP-ir Staining
Bed Nucleus of Stria Terminalis
Just caudal of the anterior commissure, the Bed Nucleus of Stria Terminalis (BNST) 
contains a distinct population of cell bodies. These were typically small and yielded light staining. 
These stains were observed in the medial BNST medial and ventral to the IC (insular cortex) 
(Figure 1.1). There were also large darkly stained cell bodies in the more caudal and dorsal 
areas of the nucleus. These were observed lateral to the SM and medial and dorsal to the fornix 
(Figure 1.2). The BNST also contains populations of small AVP-ir fibers, the pathway of output 
from the amygdala. 
Amygdala
Vasopressin containing cells were present on the medial and extended nuclei of the 
amygdala (MeA). The majority of MeA staining appeared on the medial edge of the nucleus 
dorsal and caudal to the lateral edge of the SON (Figure 1.3).  Very few AVP-ir fibers were 
present in the MeA. The density of the fibers fades at the caudal ends of the amygdala.  We 
also noted cells in the extended amygdala (EM) (Figure 1.4). This area is a group of AVP-ir 
extensions of the caudal BNST to the rostral MeA (Newmann 1999). The EM contained a 
small population of cell bodies and contained a significant populated with AVP-ir fibers.  
Lateral and anterior hypothalamus
The lateral and anterior hypothalamus contains few AVP-ir cell bodies. The majority of 
these fibers are found in the peduncular lateral hypothalamus (PLH), dorsal and medial to the 
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SON (Figure 1.5). There is a light scattering of cells in the anterior hypothalamus (AH) 
just lateral of the midline central to the third ventricle. AVP-ir fibers are present here as well. 
The PLH is in line with fibers extended to and from the PVN and amygdala complex. The AH 
also contains few AVP-ir fibers extending from just above the optic chiasm to the AH.
Paraventricular Nucleus
The Paraventricular nucleus contained a very dense population of AVP-ir cell bodies as 
well as AVP-ir fibers. Beginning just after the anterior commisure, the number of stained cells 
increases as the PVN expands caudally.  Cell bodies are less abundant at the caudal end of the 
PVN where the fornix falls ventral and caudal approaching the SON.  There are 2 distinct 
populations of fibers extending from the PVN. The first set of fibers begins at the dorsal lateral 
edge of the PVN traveling laterally toward the thalamus and then mediodorsal to the SON 
(Figure 1.7). The second start at the ventral portions of the PVN, travels ventrolaterally through 
the AH, to optic chiasm (Figure 1.8). A subset of this population turns ventral just lateral to the 
fornix directly to the SON (Figure 1.9).
Suprachiasmatic Nucleus
The suprachiasmatic nucleus (SCN) contains a small population of AVP-ir cell bodies. 
These cells first appear at the caudal end of the BNST just as the fornix is in line dorsally with 
the third ventricle. The cells become more abundant caudally (Figure 1.10).
Supraoptic Nucleus
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Perhaps the most abundant AVP-ir cells bodies as well as fibers are located in the 
supraoptic nucleus (SON). The SON AVP-ir cells cover a very long rostral to caudal range 
along the ventral edge of the brain. A dense population of cell bodies is present in the preoptic 
area (Figure 1.11). This population moves lateral and into the SON as it is moved caudal 
(Figure 1.13 and 1.14). The fibers projecting from the SON move dorsal and medial to the 
PLH, around the fornix onward to the PVN (Figure 1.13). Fibers spread further dorsolateral as 
they move caudal.
 
Androgen Effects
Androgen Concentrations
Concentrations circulating T differed significantly across groups following castration and 
implants. The concentrations all fell within the known physiological range for this species as 
found from wild caught animals (0.76-6.35 ng/ml) (Pasch et al. 2011a).
AVP-ir
Vasopressin immunoreactivity did not differ significantly across groups for all measured 
sections combined (α<0.05) [F (2, 21) = 0.58, p=0.57)] (Figure 1.15). Only the peduncular 
lateral hypothalamus (PLH) showed a significant difference across treatment groups [F (2, 21) 
= 3.55, p=0.047]. Tukey HSD revealed empty implant group (mean=77, SD=16) differed 
significantly (α<0.05) from the T implant group (mean=26.75, SE=9.46). Dihydrotestosterone 
(mean=44.67, SE=14.94) implant group did not differ significantly from T implant nor empty 
implant groups (Figure 1.16).
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DISCUSSION
Neuropeptides in the arginine vasotocin family AVT (Goodson, 2005), and its 
mammalian homolog arginine vasopressin AVP, are known to play a major role in a host of 
social behaviors across many taxa including a great majority of rodent species; hamsters 
(Delville, 2000), voles (Phelps and Young, 03; De Vries et al., 1984), and mice (Bester-
Meredith and Marler, 2007). We also know androgens and other hormones play a role in the 
control of these neuromodulators (Fuxjager et al., 2009). Here we investigate whether AVP 
expression in the singing mouse Scotinomys teguina follows the highly conserved patterns in 
the social behavior networks of other mammals and these regions are under the influence of 
androgens. This study will facilitate the use of this species as a model organism for the study of 
sociality across vertebrate taxa.
The neuroanatomical distribution of AVP-ir cells found in Scotinomys teguina is very 
similar with that of other rodents. Vasopressin-ir was found in the BNST, MeA, AH, three sites 
that are included in the social behavior network, as well as the SCN, PVN and SON. This 
species had a less pronounced MeA population than those reported for rodents of the 
Peromyscus family (Bester-Meredith and Marler, 2005). These patterns are not conserved in 
all small rodents. The golden hamster lacks BNST and MeA, vasopressin containing cells 
(Albers et al. 1991). 
It is expected for AVP to be present in the MeA since it is known to receive 
projections from the olfactory bulbs. The olfactory bulbs pick up on sensory information, such 
21
as pheromones, which are vital for social behavior and arousal. The lateral septum (LS) 
plays a vital role in memory. AVP injection studies have demonstrated AVP is required for the 
LS, which projects to the BNST, to modulate memory formation. Taken together, this suggests 
a role for AVP, acting in the BNST and MeA to have a major role in memory systems 
necessary to allow proper functioning in social situations in Scotinomys teguina (Dantzer et al., 
1988). 
The AVP is known to function in the control of the periphery playing a critical role in 
circadian rhythm from the SCN (Kalsbeek et al., 2010). With a very dense population of AVP-
ir cell bodies and fibers, this puts vasopressin at a critical point for cyclical arousal states 
important for the control of timing in social behaviors such as mating seasons and thus 
aggression as well (van Balkom et al., 2003). 
The paraventricular nucleus is densely populated with AVP-ir cells. AVP arising in the 
PVN transported to the posterior pituitary and then into the bloodstream to maintain osmotic 
equilibrium and blood pressure (Hirsch et al., 1993). 
The AVP-ir patterns described above is widely conserved and known to be influenced 
by sex and hormones. The sexual differentiation in AVP expression is noted across all 
vertebrate taxa (De Vries and Panzica, 2006). Studies point to an androgen dependency of 
vasopressin, and a depletion of AVP-ir cell bodies and fibers in the BNST, MeA and related 
cell bodies. Males tend to have high numbers of AVP containing cell bodies (Goodson, 2005). 
Furthermore, it appears T spiked from winners’ effect may also increase androgens, and thus, 
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AVP-ir in several nodes of the social behavior network (Neumann, 1999; Fuxjager et 
al. 2011). Given S. teguina’s evolutionary relationship with several species on which AVP-ir 
differs with androgens, as well as S. teguina’s AVP-ir which is very similar to many other 
rodents, we hypothesized that T and DHT implanted groups would show a higher expression of 
AVP-ir in many areas of the limbic system. Our results are discordant with many findings. This 
is interesting, especially since subjects in this experiment demonstrated across group variation in 
aggression as well as song dynamics. In songbirds, song parameters are under the influence of 
androgenic AVP circuits.
Two weeks is ample to cause differences in social behaviors as well as female 
preference due to castration in S. teguina (Pasch et al., 2011a). Since we know these 
behaviors are affected by androgens, it is possible there is a significant treatment difference that 
we were not able to demonstrate via our IHC procedures. Androgens manipulation is known to 
have a long lasting gradual effect on AVP expression. De Vries et al (1984) found AVP fiber 
density in the LS decreased constantly over a 15 week period. By limiting our study to two 
weeks, it is possible there was not adequate time to visualize the differences resulting from 
castrations. However, since we did find differences in singing along the same time frame, this 
does not seem likely to be a chief cause. 
One alternative explanation is that colchicine treatment used in many other studies to 
dissemble actin and pool peptide in the cell bodies increased the ability to detect effects of 
androgens. Alternatively, it is possible that release of peptide confounds our ability to detect sex 
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steroid effects on production – something that could be addressed with in situ 
hybridization.  The simplest interpretation of these data, however, is that androgen effects on 
singing behavior in S. teguina are not mediated by AVP. The significant difference found in the 
PLH is most likely a type I error. Several studies have demonstrated BNST and MeA AVP-ir 
to be more sensitive to androgen concentrations in monogamous species with significant paternal 
care (Wang et al., 1993; Bester-Meredith et al. 2005). Scotinomys teguina is a promiscuous 
species with little paternal care. It is possible these areas are not as sensitive to gonadal 
hormones as they are in other rodent species. 
The previous study demonstrates the similarities between Scotinomys teguina and 
other small rodents in neural circuitry.  AVP is highly expressed in the BNST and Medial 
Amygdala, two areas in which AVP-ir is modulated by androgens. The paraventricular nucleus 
also contained a dense population of AVP neurons. Another population originates in the SCN 
which travels into the pituitary. Although no significant differences were found between 
treatment groups, the similarities between our species and others suggest there should be a link 
between androgens and vasopressin expression.  Future studies will explore the possibility of 
long term changes in vasopressin and vasopressin receptor due to reduced androgen levels. 
Double labeling studies can also shed light on whether or not androgens directly affect 
vasopressin receptors. V1aR was recently implicated in socially debilitating diseases such as 
depression and autism (Rood and De Vries, 2011). Vasopressin plays a vital role in all aspects 
of social behavior across vertebrate taxa. This study suggests the singing mouse is suited to 
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study how androgens modulate social behavior through a highly conserved and complex 
neural system, but a great remains to be elucidated. 
25
Chapter 2:  Singing Behavior in Social Encounters
INTRODUCTION
Individual differences are vital to the formation and maintenance of social structure 
across taxa. Elaborate displays of courtship and aggression are most often studied. These 
include the feathers of peacocks (Petrie et al., 1991), the dewlap of an anole lizard (Crews, 
1980), the songs of birds (Goodson et al., 2004), or the calls of frogs (Kime et al., 2000). 
These demonstrations are primarily used to signal fitness, intimidating possible aggressors or 
attracting possible mates. Elaborate displays are beneficial because they allow both signaler and 
recipient to gauge their own fitness against that of a competitor without the risk of physical 
encounters. However, sometimes signaling does not match fitness and the signaler risks defeat 
(Viljugrein, 1997). Signalers must use prior experience and internal state (Fuxjager et al. 2011) 
to weigh the costs and benefits of elaborate displays when deciding whether or not to display. 
Losing forces the signaler to reevaluate its social status, decreasing signaling to avoid further 
damaging defeat whereas winning has the opposite effect (Peake et al. 2002,). In our current 
study, we manipulate social experience to determine how experience modulates vocalizing 
behavior in Alston’s singing mouse Scotinomys teguina.
Social experience modulates signaling across many vocalizing taxa. Apfelbeck et al. 
(2012) demonstrated repeated simulated territorial intrusions (STI) at high intensity lead to an 
increase in vocalizations in black redstarts.  Wingfield et al. (1990) proposed the ‘challenge 
hypothesis’ which states seasonal changes in testosterone led to behavioral changes seen during 
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the mating season of song birds. This increase in T leads to an increase in song 
production as well as aggression.  More recently, Oyegbile and Marler (2005) examined the 
effects of successful aggressive experience in producing the “winner effect.” Like the challenge 
hypothesis, this also suggested a role for testosterone in behavioral changes. Marler found that 
the California mouse, Peromyscus Californicus, increased its aggression following winning 
social encounters. A loser effect also exist, in which  losers of social encounters decrease 
aggression and are more likely to submit when faced with an opponent. Although Marler’s 
findings are robust and true across many taxa, there are limitations. The winner effect is likely 
environment specific (Gleason et al., 2009). Subjects largely retained their aggressive nature 
once returned to their own cages after having lost in another’s cage. In crickets, Nelson and 
Nolen (1997) found that crickets (Acheta domesticus) retained their ability to attract mates and 
copulate even after losing social encounters. This demonstrates the winner effect is not 
necessarily the only component of social hierarchy. 
The singing mouse is a small rodent species native to the cloud forest in Central 
America. There are several subspecies ranging in size from 10-15g in the wild. The singing mice 
are unique for their use of complex vocalizations between 18-40 Hz. Unlike ultrasonic 
vocalizations of other rodents, it is easily heard by humans without manipulations. The role of 
this signal is not fully understood, but, recent studies suggest a role in male-male aggression as 
well as mate attraction. The song is a short trill around 10 seconds long.  Previous research has 
also found these songs change in structure based on T levels (Pasch, 2011a). Pasch (2011b), 
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found females approach a male song associated with higher physical condition. They 
easily identified individual differences in song structure, specifically an increase in trill rate and/or 
a lower dominant frequency. Pasch et al (2011) also found that manipulation of male T levels 
could produce songs that indicated better condition. In theory, winning encounters increase T 
(Oyegbile and Marler 2005), which increases signal quality, thus increasing the interest of 
females.
Field studies also suggest these mice are able to distinguish the slightly different songs 
across species. The subordinate S. teguina, counter-sings to the songs of the dominant S. 
xerampelinus when living in allopatry. However, in sympatry the subordinate species displays a 
fear response when encountering the song of the dominant S. xerampelinus (Pasch 2013).  We 
attempt to further explore this finding that social experience modulates vocalizing behavior in this 
species.
We hypothesize winning social encounters actively increases the singing behavior of the 
mice. The initial step of the current study is a simple recording of responses to stimuli without 
social experience. We follow this with aggressive trials to simulate winning and losing. Then, we 
again recorded song responses to stimuli. Comparing the singing behavior of the winners and 
loser to each other and to their baseline will allow us to elucidate the role of social experience 
on the song use of S. teguina.  
METHODS
Subjects for this experiment were lab reared offspring of animals originally caught in 
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Costa Rica and brought back to the lab. Animals are sib housed with 1 or 2 litter mates. 
Animals are given food, cat chow, and water ad libitum. They are housed in 12:12 dark: light 
cycle at 15.5-19o C. All phase of the experiment were performed during light hours. The 
following protocol is approved by Institutional Animal Care and Use Committee at the 
University of Texas (AUP 008002).
Experiment animals were all naïve. They were separated from sibs and singly housed in 
a noise attenuating chamber and maintained on a 12:12 light cycle. Internal temperatures and 
humidity were constantly monitored.  Animals were transferred to these chambers 3 days prior 
to experimental manipulations and remained housed here for the duration of the experiment. 
On day 1, following 3 days of isolation, animals were recorded in their home cages 
under red light. Spontaneous song was recorded for 20 minutes followed by 3 stimuli, 1) soiled 
bedding from female cages, 2) a spontaneous song recorded in the lab from lab reared mice, 3) 
pink noise. The pink noise was developed by filtering the same song from stimulus 1, and 
retaining the same spectral envelope of the corresponding stimulus. We played stimuli at 50-dB 
SPL at 1 m from a Pioneer TS-250 speaker (flat frequency response 6–40 kHz) via an external 
soundcard (Edirol FA-66). We used an ACO Pacific microphone and preamplifier (Model 
7016 and 4116) connected to a laptop running Raven Pro 1.3 via an external soundcard (Edirol 
FA-66) to record mouse songs at 30 cm. Microphones were calibrated prior to recording 
sessions with a Brüel and Kjær sound level meter (Type 2219) and calibrator (Type 4230). All 
songs at were sampled at 96 kHz and 24 bits (Pasch, 2011a).
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On day 2, 4, 6 and 8 animals engaged in resident-intruder trials. Residents and intruders 
were age (+/- 4 months) and weight matched (+/- 2 grams) and divided into groups at random. 
Trials continued for 5 minutes or until a winner was determined. A winner was identified by 3 
consecutive chases or attacks or inducing 3 consecutive submissive supine displays. All trials 
were recorded and then analyzed for aggressive and submissive behaviors. Following RI trials, 
subject animals were recorded again using the previously mentioned procedures. 
Data was analyzed in JMP version 9. We performed GLM testing to compare effects of 
residency and treatment on song response (F,p). We then used Wilcoxon signed rank to 
compare group differences before and after behavioral trials (W,p). To analyze aggressive data, 
we used the Friedman test to analyze differences between groups and across trials. Graphs for 
all data were created using SPSS 20.1.  
 RESULTS
Behavior data showed differences between residents and intruders on a range of 
aggressive and submissive behaviors. There were also differences across these groups in their 
singing behaviors (α<0.05). 
Aggressive behavior was different between the treatment groups as well as across trials. 
Friedman analysis revealed a strong effect between residents and intruders on aggressive 
behavior (p= 0.011). There is a trend to more aggressive behavior in later trials in the intruders 
(p= 0.065) (Figure 2.1). Intruders also display rearing behavior more frequently in later trials 
with the greatest frequency in the 4th trial (Figure 2.2).  
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Singing behavior was not significantly different across groups before RI trials (F3, 23= 
.999, p>0.05) (Figure 2.3). Residency status alone had a significant effect on total number of 
songs (F3,23 =3.786, p=.0223). There was a significant difference between pre and post total 
songs with the residents but not intruders (W=47.500, 8.500; p=0.001, 0.576 respectively) 
(Figure 2.4). Residents increased their response songs to conspecific song following RI trials but 
not intruders (w= 18.5, 11; p=0.027, 0.360) (Figure 2.5). There were residency (p=0.002), 
treatment (p<0.001) and interaction (p<0.001) effects on song response to pink noise (F3, 
26=17.3418 p<0.001) (Figure 2.6). There was no difference between resident and intruders 
following RI trials (W=7.5, -3.00; p=0.066, 0.500). There were no effects of residency on 
song response to silence (F3, 26= 0.1682, p= 0.168). No differences were found in residents 
nor intruders in response to silence following RI trials (W=10.5, 3.5; p=0.109, 0.437). Similar 
results were seen for spontaneous song. There were no effects of residency or treatments on 
spontaneous song (F3, 26=0.620 p=0.608). No differences were found following RI trials in 
residents or intruders (W=16.50, 5.500; p=0.063, 0.533).  
Regression analysis showed no relationship between propensity to sing and 
aggressiveness (R2=0.019).
DISCUSSION
Acoustic communication plays a vital role across numerous vertebrae taxa including fish 
(Remage-Healey and Bass, 2006), anurans (Kime et al., 2000) songbirds (Goodson et al., 
2004) and mammals (Asaba et al., 2014).  Here, we demonstrate that social experience 
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modulates aggression and acoustic communication in S. teguina. Winners attack faster 
and more frequently than losers. Winners also sing more frequently than losers. Interestingly 
winners did not sing significantly more in response to female bedding or conspecific song than 
did losers, but they did increase song production in response to pink noise. This suggests the 
males listen to the overall spectral envelope of the song rather than individual notes. Subtle 
differences between residents and intruders became more conspicuous with experience 
suggesting a role of the winner’s effect.
Residents clearly demonstrated dominance over intruders during the RI trials. Home 
advantage is a robust effect that is seen across a wide variety of vertebrate taxa (Fuxjager, 
2011). Social experience also increased these effects. It is known that winning or losing 
aggressive encounters modifies physiology across vertebrate taxa. It increases aggression in 
rodents (Oyegbile and Marler, 2005) and increases singing in territorial song birds (Goodson et 
al., 2004). Dugatkin and Earley (2006) have also demonstrated how winning elevates one in 
social hierarchies. The challenge hypothesis suggests these changes may be due to a transient 
rise in androgens following winning. Residents were more likely to attack and did so much faster 
than intruders. These differences became more obvious with increasing experience. We did not 
observe a significant loser’s effect. While this was initially surprising, it is worth noting that 
animals were tested in the home cage of the resident; in the studies by Marler and colleagues 
(Fuxjager et al. 2009), loser effects require losses within a male’s home cage, a finding 
consistent with the apparent robustness of our males to losing fights when intruding. 
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  Interestingly we found residents to groom less and intruders to display defensive rearing 
more often during the 4th RI round. Experimental limitations resulted in animals being exposed 
to the same individual in the 1st and 4th rounds. These behavioral changes could demonstrate 
recognition between the animals. Since hierarchy is typically formed through social experience, 
this may be a result of hierarchy already being formed between the two animals so the dominant 
male may have limited motivation to attack a weaker intruder. A similar decrease in motivation 
is seen in avian species. It is typical for a dominant bird to largely ignore the songs of a 
subordinate (Kroodsma, 1979). 
There were no differences before RI trials within residents or intruders. However, 
residents increased their propensity to sing following social encounters. We calculated this by 
summing song responses to all stimuli, silence, pink noise and conspecific song. We found 
residents increased their singing behavior in response to conspecific song as well as to pink 
noise. Although noise elicited the greatest difference in response between resident and intruders, 
both groups counter-sang more frequently to conspecific song. This finding suggests singing 
mice continue to vocalize even after defeat; however, winners of social encounters may up 
regulate their responses to songs originating from a further distance. It is possible the mice 
interpret the noise stimuli as a degraded conspecific song. As sound travels, it degrades and 
loses information; the spectral envelope will remain intact at a greater distance than other 
parameters of the song. Unlike avian species, the singing mice were more likely to sing following 
social encounters. There is a general trend for residents to sing more often to the various stimuli 
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than intruders. 
Previous field studies within this species and its sister species (Pasch et al., 2013) 
demonstrated S. teguina living in sympatry with the dominant species S. xerampelinus 
decrease singing in response to the songs of S. xerampelinus. It is known S. xerampelinus 
actively exclude S.teguina from their home ranges. It is possible S. teguina is learning to limit 
vocalizations in the presence of the dominant species to avoid being attacked. The current 
studies bolsters this hypothesis by demonstrating social experience will modulate vocal behavior. 
We suggest that the Scotinomys genus is an excellent subject for studying a host of 
social behaviors, including the winners’ effect, individual recognition, social defeat, female 
preference and intra-species competition. 
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Figure 1.
AVP-ir in the Posteriolateral BNST. 
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Figure 2.
AVP-ir in the BNST.
36
Figure 3.
AVP-ir cell bodies in the Medial Amygdala. Fibers extending from the SON toward the fornix.
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Figure 4.
AVP-ir cell bodies and fibers in the extended amygdala.
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Figure 5.
AVP-ir cell bodies and fibers in the peduncular lateral hypothalamus.
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Figure 6.
AVP-ir cell bodies in the anterior hypothalamus. Fiber tracts from the SON to the AH.
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Figure 7.
AVP-ir cell bodies in the PVN and fibers extending from the PVN.
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Figure 8.
AVP-ir fibers extending between the PVN and SON.
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Figure 9.
Dorsolateral AVP-ir fibers of the SON.
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Figure 10.
AVP-ir cell bodies in the SCN.
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Figure 11.
AVP-ir cell bodies in the preoptic area.
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Figure 12. 
AVP-ir cell bodies in the SON. AVP-ir fibers extending from AH.
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Figure 13.
AVP-ir fiber tracts in the area of SON toward thalamus.
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Figure 14.
AVP-ir cell bodies and fibers, caudal end of SON.
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Figure 15.
Effects of androgens on the amount of vasopressin expressing cell bodies in the BNST, MeA, 
EM, and PLH in S. teguina. Data depicts means ± SE.
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Figure 16.
Effects of androgens on vasopressin immunoreactivity in the Peduncular Lateral 
Hypothalamus Significance (α<0.05). Data depicts means ± SE.
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Figure 2.1.
Aggression during resident-intruder trials. Data depicts means ± SE.
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Figure 2.2.
Rearing during resident-intruder trials. Data depicts means ± SE.
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Figure 2.3.
Singing during resident-intruder trials. Data depicts means ± SE.
53
Figure 2.4.
Singing behavior before and after social encounters. Data depicts means ± SE
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Figure 2.5.
Singing responses to conspecific song before and after resident-intruder trials. Data depicts 
means ± SE.
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Figure 2.6
Singing in response to pink noise following social experience. Data depicts means ± SE
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